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Summary: Most studies on European hake focus on the recruitment process and nursery areas, whereas the information is 
comparatively limited on the ecology of the juvenile stage (ca. second year of life)—the one most exploited by the Medi-
terranean trawl fisheries. Using information of the MEDITS programme, we provide a spatial and temporal assessment of 
the influence of body size and growth on hake survival from recruits (age 0) to juveniles (age 1), along with the impact of 
surface temperature and chlorophyll variability. At a biogeographic scale, size-dependent survival is supported, with areas 
with higher mean length of recruits and juveniles yielding higher survival. A similar pattern was observed at interannual level 
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INTRODUCTION
The European hake (hereafter hake), Merluccius 
merluccius, is one of the most studied demersal com-
mercial species in the southern European Seas due to 
its economic and ecological importance. In the east-
ern Atlantic, following an overall decrease in fishing 
pressure, many northern European stocks including 
hake are now exploited sustainably or showing signs 
of recovery (Fernandes et al. 2017), and along with 
increasing temperatures this has triggered an expan-
sion of the species into the North Sea (Cormon et al. 
2014, Baudron and Fernandes 2015). In the Medi-
terranean Sea, however, the status of fisheries and 
stocks has for several years been a cause for concern 
(Vasilakopoulos et al. 2014, Fernandes et al. 2017), 
with hake as the most generalized example (STECF 
2015, GFCM 2016). Owing to the general lack of 
information on hake adults from fisheries-dependent 
and -independent data, almost all studies on hake 
in the Mediterranean Sea focus on the recruitment 
process: spatial-temporal dynamics (e.g. Abella et al. 
2005, Bartolino et al. 2008a, Hidalgo et al. 2008), 
nursery modelling (e.g. Lembo et al. 2000, Colloca 
et al. 2009, Druon et al. 2015), or biological informa-
tion such as growth (e.g. Morales-Nin and Moranta 
2004, Mellon-Duval et al. 2010, Ligas et al. 2015), 
diet (Ferraton et al. 2007) and physiological and 
body condition (e.g. Hidalgo et al. 2009, Rueda et al. 
2015, Cantafaro et al. 2017). Most of these studies 
focus on the first year of life (recruits) and few of 
them investigate an important ontogenetic stage from 
the ecological and fisheries perspective: the juvenile 
stage prior to maturation.
Although juvenile fish is a general concept that 
spans various stages between birth and adulthood, 
this period includes numerous important ontogenetic 
and critical life stages. From an applied perspective, 
fisheries scientists working in demersal fisheries of-
ten refer to the juvenile stage (also referred as post-
recruits or sub-adults, Levin and Stunz 2005) as the 
period that ranges from settlement to the bottom or 
from recruitment to the fishery to the first reproduc-
tive period (e.g. Ciannelli et al. 2007). In the case of 
hake, this period is mainly framed in the second year 
of life (e.g. Hidalgo et al. 2008, Recasens et al. 2008, 
see methods for specific details), in which hake al-
ready have an active predatory activity, a high food 
intake of a mainly ichthyophagous diet composed pri-
marily of pelagic fish, and a still high somatic growth 
rate. Recruits and juveniles are those most impacted 
by bottom trawl fisheries in the Mediterranean (Col-
loca et al. 2013), and juveniles can still be considered 
relatively well sampled by bottom trawling, through 
both the monitoring of commercial fisheries and 
scientific bottom trawl surveys. Larger individuals 
in some western Mediterranean areas, also mediated by a density-dependent effect on growth. However, the most recurrent 
inter-annual pattern was a negative effect of size on survival, which could be attributed to potential ontogenetic changes in 
catchability and underrepresentation of intra-annual recruitment pulses that are seasonally inaccessible to the MEDITS sur-
vey. Results also evidence that survival in the Alboran and Adriatic seas is dependent on the primary production variability, 
and that Corsica and Sardinia could be potential feeding grounds receiving juveniles from neighbouring areas. The present 
study reveals the importance of size- and growth-dependent survival in the juvenile stage of European hake in the Mediter-
ranean Sea.
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Influencia del tamaño en la supervivencia de juveniles de merluza en el mar Mediterráneo
Resumen: La mayoría de estudios de merluza europea se han centrado en el proceso de reclutamiento y sus hábitats preferen-
tes, mientras que la información es mucho más escasa sobre los procesos ecológicos asociados a la fase juvenil (i.e. segundo 
año de vida aproximadamente), la cual se considera la más impactada por la pesca de arrastre en el Mediterráneo. En este 
estudio usamos la información del programa MEDITS para investigar, temporal y espacialmente, la posible influencia del 
tamaño corporal y el crecimiento sobre la supervivencia desde la fase de reclutas (edad 0) a la de juveniles (edad 1). También 
se ha evaluado la posible influencia de la temperatura y la clorofila superficial. A una escala biogeográfica, los resultados 
corroboran la influencia de la talla sobre la supervivencia, con mayor supervivencia asociada a áreas de mayor talla media 
de reclutas y juveniles. El mismo patrón se observó a escala interanual en algunas zonas del oeste el Mediterráneo, en las 
cuales se detectó también un efecto de denso-dependencia en el reclutamiento. Sin embargo, el patrón interanual más recu-
rrente fue un efecto negativo de la talla sobre la supervivencia, que podría ser atribuido tanto a cambios ontogenéticos en la 
capturabilidad de los peces como a la posible infraestimación de los pulsos interanuales de reclutamiento que pueden resultar 
estacionalmente inaccesibles a las campañas MEDITS. Los resultados también evidencian que la supervivencia en Alborán y 
el Adriático depende de la variabilidad de la producción primaria, y que Córcega y Cerdeña podrían ser potencialmente áreas 
de alimentación que reciben juveniles de áreas adyacentes. El presente estudio evidencia la importancia de la influencia de la 
talla corporal y el crecimiento sobre la supervivencia juvenil de la merluza europea en el mar Mediterráneo.
Palabras clave: supervivencia juvenil; merluza europea; mar Mediterráneo; dependencia del tamaño.
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are less available to bottom trawl gears (thanks to 
spawning refugia; Colloca et al. 2013, Caddy 2015 
and references therein), although they are targeted by 
other commercial gears such as longlines and gillnets 
in some Mediterranean areas (Aldebert et al. 1993, 
Sbrana et al. 2007). All of these findings evidence 
the high importance of having a complete view of the 
juvenile life stage to understand how the combina-
tion of ecological, environmental and fishing impact 
shapes natural mortality (Jørgensen et al. 2013), a key 
population dynamics parameter normally assumed to 
be constant and age-independent in the assessment 
frameworks (Abella et al. 1997, Caddy 2015).
Numerous studies have reported size- and growth-
dependent survival in juvenile fish (Ciannelli et al. 
2007, Le Pape and Bonhommeau et al. 2015 and refer-
ences therein). The increase of survival at high lengths 
is often explained as the result of size-selective mortal-
ity, a common mechanism in fish population dynamics 
(‘bigger is better’, e.g. Sogard 1997, Suthers 1998), for 
which small fish of a given species or those with slow-
er growth display higher mortality rates. It is indeed 
expected that food limitation and/or competition can 
influence survival via density-dependent regulation 
mechanisms. Density-dependent growth (and size) has 
been proposed as a primary mechanism of regulation of 
fish populations (Lorenzen and Enberg 2002), includ-
ing hake (Hidalgo et al. 2014, Cantafaro et al. 2017). 
However, the literature shows a range of contrasting 
(and often contradictory) studies from individual to 
population scale between species (Le Pape and Bon-
hommeau et al. 2015). Indeed, contrasting regulatory 
mechanisms have been described for hake in the At-
lantic stocks, with the southern Atlantic stock more de-
pendent on somatic growth to regulate the population 
dynamics than the northern stock (Hidalgo et al. 2014). 
It is also noteworthy that estimates of survival could be 
the consequence of transboundary movement of juve-
niles between areas (geographical sub-areas, GSAs, in 
the Mediterranean case) used to compile fisheries and 
ecosystem data, and in some cases to perform analyti-
cal fisheries assessment. This implies that the spatial 
and demographic structure of marine populations is 
more complex than is currently reported, in accord-
ance with the general acceptance of mismatch between 
biological and management structures currently used 
in fisheries assessment frameworks (Kerr et al. 2017, 
Goethel and Berger 2017).
The MEDITS survey provides a unique opportu-
nity to investigate the spatial and temporal patterns 
of juvenile survival using information from areas that 
are regularly sampled on an annual basis according a 
common and standardized methodology (Bertrand et 
al. 2002, Anonymous 2017). We here investigate the 
potential influence of size of juveniles of the current 
year, size of recruits of the previous year, and differen-
tial growth between them, along with information on 
environmental variables such as sea surface tempera-
ture and chlorophyll a, in winter and spring. Given the 
known sex differences in growth for this species as it 
approaches the reproductive stage, male and female 
information was analysed separately. We hypothesize 
that size can influence juvenile survival, but that this 
effect differs between sex and geographic subareas 
over the Mediterranean Sea. The study also discusses 
the potential utility of the results obtained to improve 
the current assessment of hake stocks or to implement 
marine spatial planning in fisheries management. 
MATERIALS AND METHODS 
Sampling 
Data have been obtained since 1994 from the EU 
International Mediterranean Bottom Trawl Survey 
(MEDITS) conducted on an annual base in spring and 
early summer on demersal grounds from 10 down to 
800 m depth. A stratified random sampling design was 
adopted with five bathymetric strata: 10-50, 51-100, 
101-200, 201-500 and 501-800 m. Specific details of 
the sampling methods can be found in Bertrand et al. 
(2002) and Anonymous (2017).
The study combines information for 12 geographi-
cal subareas (GSA): the northern Alboran Sea (GSA-1), 
the Balearic Islands (GSA-5), northern Spain (GSA-6), 
the Gulf of Lions (GSA-7), eastern Corsica (GSA-8), 
the Ligurian and northern Tyrrhenian seas (GSA-9), 
the southern and central Tyrrhenian Sea (GSA-10), 
Sardinia (GSA-11), southern Sicily (GSA-16), the 
northern-central Adriatic (GSA-17), the southern Adri-
atic (GSA-18) and the western Ionian (GSA-19).
Density and annual abundances indices
European hake individuals caught in each haul were 
counted, sexed and measured to the half cm below. 
Abundance data were standardized to number of indi-
viduals per km2 using the swept area to obtain density 
estimates per haul, size class and year. To segregate 
information of non-sexed individuals into males and 
females, a sex-ratio vector was calculated for each 
geographical subarea. Density information for males 
and females was then grouped into recruits and juve-
niles according to growth information from García-
Rodriguez and Esteban (2002): recruits (age 0, ≤15.5 
cm), juvenile males (age 1, >15.5 cm and ≤29 cm) and 
juvenile females (age 1, >15.5 cm and ≤32.5 cm). A 
weighted mean length per haul, sex, age class and year 
was also calculated. For plotting purposes, density 
per haul information was averaged for each year on 
a 0.5×0.5° grid. The stratified mean equation by Sou-
plet (1996) provided by Anonymous (2017, page 69) 
was applied to calculate abundance indices per year, 
sex and age class. For each year, sex and age class, a 
weighted mean length was also calculated.
Survival and growth calculations
Survival and growth estimates per year and GSA 
were calculated separately for males and females us-
ing annual abundance and mean length indices, re-
spectively. Given two consecutive years, t–1 and t, we 
calculated an index of survival (S) between age 0 and 
the ensuing age 1 as follows: 
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St = X1,t–X0,(t–1)
where X1,t and X0,(t–1) are the natural logarithm of the 
annual abundance index of age 1 and age 0 hake, re-
spectively. Differential growth (G) between years was 
obtained using the same approach as follows:
Gt = Y1,t-Y0,(t–1)
where Y1,t and Y0,(t–1) are the natural logarithm of the an-
nual mean length of age 1 and age 0 hake, respectively.
Environmental covariates and fishing pressure
To explore the potential influence of inter-annual 
environmental variability of a given geographical sub-
area on juvenile survival, satellite data for sea surface 
temperature and surface chlorophyll a resulted from 
MODIS-Aqua and NPP-VIIRS sensor measurements 
already processed with regional ocean colour algo-
rithms (resolution 1 km, daily data) were downloaded 
from the MyOcean database (http://marine.copernicus.
eu/web/69-interactive-catalogue.php) and used as 
common environmental variables for all the study ar-
eas. For each GSA, monthly averages were calculated 
over the gridded information. To capture potential dif-
ferent seasonal effect of temperature and productivity 
on survival, sea surface temperature and chlorophyll 
a were averaged for two contrasting seasons: winter 
(December-February), which is often related to the 
population dynamics of several species (e.g. Hidalgo et 
al. 2011, Puerta et al. 2014); and spring (March-May), 
concurrent with the MEDITS surveys. 
As there was no indicator of fishing pressure that 
was homogeneous in all analysed GSAs for the entire 
time period, we used the fishing pressure indicators 
calculated by Kavadas et al. (2015) for three years 
(1994, 2004 and 2014; see Supplementary Material for 
calculation procedure) to indirectly check the influence 
of fishing on survival using the residuals of the global 
model (see below).
Statistical analyses
Prior to the statistical analyses, density-dependent re-
lationships were checked for survival, differential growth 
and mean length (ML) of juveniles, against abundance 
of recruits and juveniles. In addition, mean survival es-
timates per GSA were compared against the growth and 
ML of both recruits and juveniles. Non-linear regres-
sions (general additive models) were used in this study 
for visual representation of the functional form of these 
relationships. It is worth noticing that density-dependent 
relationships were assessed by combining information 
of males and females, while relationships between mean 
values per GSA were investigated by sex.
The statistical procedure for analysing the influence 
of size, growth and environmental variables on survival 
has two steps and was applied separately for males and 
females. First, for each GSA, time series of survival 
were modelled by applying linear models in terms of 
differential growth, ML of recruits of the previous 
year (t–1), ML at time t of juveniles and, sea surface 
temperature and chlorophyll in the two seasons. The 
best model was obtained by minimizing the Akaike 
information criterion. For every model, residuals were 
checked for variance homogeneity and absence of 
temporal autocorrelation in the residuals. Second, we 
compared the relative influence of the most recurrent 
driver observed across all the geographic subareas to 
assess its relative influence on survival variability. To 
do that, we applied a global model with all time se-
ries (both response and covariate) normalized to mean 
0 and variance 1 and pooled in a unique and centred 
(i.e. intercept equals 0) linear model to compare how 
the size (slope) of a given effect changes for each 
geographic subarea. Residuals obtained for these final 
models for males and females were averaged per GSA 
and correlated with the fishing pressure indicator (FPI) 
for each year available (1994, 2004 and 2014) using 
Spearman rank correlations.
RESULTS
Mean spatial pattern of mean densities and mean 
lengths
Figure 1 shows the spatial information used in this 
study to calculate survival, such as the mean density of 
recruits, male and female juveniles, and the estimates 
of the ML for the same age and sex groups. Given that 
the spatial pattern of recruits does not differ by sex, 
they were combined for plotting purposes. High abun-
dance of recruits was observed in the Spanish mainland 
coasts, the Gulf of Lions, southeast Sardinia and the 
Italian coasts of the Ligurian and northern Tyrrhenian 
Sea, coinciding with low ML values of those recruits. 
By contrast, intermediate to low values of mean density 
of recruits (consistent with higher ML) were observed 
in the Alboran Sea, the Balearic Islands, eastern Cor-
sica, northern and eastern Sardinia, the Strait of Sicily, 
and the western Ionian and the northern Adriatic seas. 
The highest ML of recruits was found around eastern 
Corsica and Sardinia and in the western Ionian and 
northern Adriatic seas, coinciding with the intermedi-
ate or lowest values of recruit density. In general, ju-
venile males and females showed similar patterns with 
intermediate values of density along the Spanish coast 
and in the Gulf of Lions and the Ligurian and northern 
Tyrrhenian seas. The highest density of hake juveniles 
was found in western Sardinia.
The lowest values of ML were observed along the 
Spanish coast and in the Ligurian and northern Tyr-
rhenian seas. For females, the lowest ML values were 
observed in the southern Adriatic Sea, while intermedi-
ate to high ML values were found in the Alboran Sea, 
the Gulf of Lions, the Balearic Islands, the Strait of 
Sicily and the northern Adriatic Sea.
Temporal patterns of abundance indices and mean 
lengths
Figure 2 shows for each GSA the time series of 
abundance indices (in a log scale) and the ML of 
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recruits and juvenile males and females. Time series 
are segregated into two contiguous plots: the west-
ern Mediterranean, including GSAs 1, 5, 6, 7 and 
8, and the central Mediterranean, including areas 
9, 10, 11, 16, 17, 18 and 19. In general, abundance 
indices of recruits showed a fluctuating pattern that 
differed among areas, with larger spatial variation 
in the western Mediterranean. Males and females 
showed similar patterns, with higher spatial consist-
ence in the central and western Mediterranean, with 
the sole exceptions of eastern Corsica (GSA-8) and 
Sardinia (GSA-11), which displayed stronger fluc-
tuations with lower and higher values than the aver-
age, respectively. 
The temporal pattern of the ML of recruits dis-
played large fluctuations (Fig. 3). In the western 
Mediterranean, the northern Spanish coast and the 
Gulf of Lion (GSA-6 and GSA-7) showed a coherent 
fluctuating behaviour and an increasing long-term pat-
tern during the study period. Eastern Corsica showed 
higher mean values consistent with the lowest densities 
observed. ML of recruits showed overall higher values 
in the central Mediterranean than in the western Medi-
terranean, with the exception of the Ligurian and the 
northern Tyrrhenian seas (GSA-9). The temporal pat-
tern of ML of juveniles was also generally consistent 
between sexes in the western Mediterranean, while in 
the central Mediterranean female ML showed greater 
Fig. 1. – Mean log density (left column) and mean length (right column) per grid (0.5×0.5°) for recruits (above), juvenile males (centre) and 
juvenile females (bottom) calculated over the whole period. Note that for each map the scale used for the colour legend differs. 
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fluctuations, particularly in Sardinia (GSA-11) and the 
Strait of Sicily (GSA-16). The fluctuating pattern of 
juvenile ML was also generally higher in the western 
Mediterranean than in the central Mediterranean.
Temporal and large-scale patterns of survival and 
growth per GSA
Figure 4 shows the time series estimates of sur-
vival and growth per sex and GSA. Survival values 
ranged between –5 and 2. Values above zero indicate 
that for a given GSA, the number of juveniles in a 
given year was higher than the number of recruits in 
the previous year. This is the case for most years in 
Corsica (GSA-8) and Sardinia (GSA-11), and for few 
years in the Balearic Islands (GSA-5) and the western 
Ionian Sea (GSA-19). The lowest values of survival 
in the western Mediterranean occurred along the 
northern Spanish (GSA-6) coast and in the Gulf of 
Lions (GSA-7), which showed a similar temporal pat-
tern. In the central Mediterranean, the lowest values 
of survival were observed in the Ligurian and north-
ern Tyrrhenian seas (GSA-9). The fluctuation pattern 
was very similar between sexes in all GSAs, with a 
Fig. 2. – Abundance indices (log scale) for recruits (above), juvenile males (centre) and juvenile females (bottom) calculated for each GSA. 
GSAs of the western Mediterranean (1 to 8) are coded in yellow-red colours and those of the central Mediterranean (9 to 19) are coded in 
green-blue-black. 
Size-dependent survival of European hake juveniles • 213
SCI. MAR. 83S1, December 2019, 207-221. ISSN-L 0214-8358 https://doi.org/10.3989/scimar.04857.16A
slightly higher degree of variability in the western 
than in the central Mediterranean.
In the case of growth (Fig. 4), the western Mediter-
ranean GSAs also displayed higher variability within 
and among areas than the central Mediterranean. As 
observed in the survival and ML pattern, the northern 
Spanish coast and the Gulf of Lions displayed a similar 
fluctuating pattern. The growth rates in the recruit to 
juvenile phase observed in eastern Corsica were the 
lowest, despite a very high growth rate during the first 
year of life, as proved by the higher ML of recruits in 
this area.
On a broad Mediterranean scale, GSAs with higher 
ML of recruits and juveniles yielded higher survival for 
both sexes (Fig. 5), with this pattern being more clearly 
observed in the ML of recruits. As a consequence, 
survival was higher in areas with smaller differential 
growth between consecutive years (Fig. 5).
Density dependence in survival, growth and size
Significant density-dependent survival was ob-
served in all GSAs, though it was stronger in the west-
ern areas, Sardinia and the western Ionian Sea (Fig. 6). 
Fig. 3. – Mean lengths for recruits (above), juvenile males (centre) and juvenile females (bottom) calculated for each GSA. GSAs of the 
western Mediterranean (1 to 8) are coded in yellow-red colours and those of the central Mediterranean (9 to 19) are coded in green-blue-black. 
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Fig. 4. – Juvenile survival (left) and growth (right) for males (above) and females (bottom) calculated for each GSA. GSAs of the western 
Mediterranean (1 to 8) are coded in yellow-red colours and those of the central Mediterranean (9 to 19) are coded in green-blue-black.
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While the density-dependent effect on ML of juveniles 
was generally significant in the central Mediterranean 
GSAs and non-significant in the western Mediterra-
nean, the density-dependent effect on growth was, in 
contrast, significant in most areas of the western Medi-
terranean (Fig. 6).
Drivers of temporal variation of survival for each 
GSA
Table 1 shows the best models for juvenile survival 
of males, females and the combination of both sexes in 
each GSA. A negative effect of the ML on the juvenile 
Fig. 5. – Relationships between mean survival and recruit mean length at time t–1 (above), juvenile mean length at time t (centre) and growth 
(bottom) for each GSA (colour codes consistent with Figs. 2 and 3). Male relationships are represented on the left and female relationships 
on the right. Red dotted lines represent non-linear regression fit using a general additive model – in all the models the covariates showed a 
significant effect. Bars represent the standard deviation over the whole time series.
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survival of a given year was the most recurrent pattern 
observed (GSAs 5, 7, 8, 10 and 16). A negative effect 
of growth was observed in the western Ionian (GSA-
19) and northern Spain (GSA-6), while a positive ef-
fect of the ML of recruits was observed in the Alboran 
Sea (GSA-1) and northern Spain. A positive effect of 
chlorophyll in winter was observed in the Alboran Sea, 
while a significant negative effect of chlorophyll in 
spring was observed in the whole Adriatic. A marginal 
effect of sea surface temperature in spring was ob-
served in female survival in the western Ionian. Figure 
S2 (Supplementary material) presents the residuals of 
all the best models included in Table 1.
The global model, which analyses exclusively the 
most recurrent covariate (mean length of juveniles, 
MLjuv), showed a clear effect of MLjuv on male sur-
vival, with a significant effect in all the GSAs with the 
exception of the Alboran Sea (GSA-1) (Fig. 7). This 
effect was stronger in the Balearic Islands (GSA-5), the 
Gulf of Lions (GSA-7), eastern Corsica (GSA-8), the 
Ligurian and northern Tyrrhenian seas (GSA-9), the 
Strait of Sicily (GSA-16), the northern Adriatic (GSA-
17) and the western Ionian (GSA-19). In females, the 
effect was only significant in the Balearic Islands, the 
Gulf of Lions, the Ligurian and Tyrrhenian seas and 
the western Ionian. Finally, the negative correlations 
obtained between the FPIs were not considered of rel-
evance (Supplementari material Fig. S2). 
DISCUSSION 
Our study indicates that the spatial and temporal 
coverage of the MEDITS programme can provide 
significant insights into the survival of juvenile hake 
in Mediterranean populations, despite sampling and 
ecological constraints. These constraints are associated 
with the seasonality of the information and the conse-
quent lack of information of intra-annual recruitment 
events occurring later (i.e. autumn) than the period 
covered by the survey, along with the fast ontogenetic 
changes in the behaviour of the species. At a basin 
scale, the results support our expectations with higher 
survival in areas (i.e. GSAs) with higher ML. How-
ever, at an interannual level, the most recurrent pattern 
contrasts with higher survival at smaller MLs, which 
may have several explanations (see below). In addi-
tion, the results suggest that the relationship between 
survival and length (and growth) can be indirectly 
mediated by the strength of the density dependence, at 
least for the western Mediterranean areas. Finally, im-
portant elements of the study are the identification of 
Table 1. – Covariates of the best linear models obtained to model juvenile survival as response variables. Models were independently per-
formed for all individuals, males and females for each geographical subarea (GSA) (see Statistical Analyses in the Methods section). As 
model covariates, Chl-w and Chl-s are respectively chlorophyll in winter and spring; ML rec and ML juv, the mean length in recruits and 
juveniles respectively; Growth, the differential growth; and SST-s, the mean sea surface temperature in spring. Signs in parenthesis represents 
the direction of the effect in the response variable. Adjusted R2 (R2adj) for each model is also reported in parenthesis.**, p<0.005; *, p<0.05.
Geographic Subarea All Males Females
GSA-1 - Northern Alboran
Chl-w** (+), ML rec (t–1)* (+) 
(R2adj=0.64)
Chl–w** (+), ML rec (t–1)* (+) 
(R2adj=0.66) Chl–w** (+) (R
2
adj=0.46)
GSA-5 - Balearic Islands ML juv (t)* (–) (R2adj=0.33) ML juv (t)* (–) (R2adj=0.35) -
GSA-6 - Northern Spain ML rec (t–1)* (+) (R2adj=0.23) Growth* (–) (R2adj=0.25) Growth* (–) (R2adj=0.22)
GSA-7 - Gulf of Lion ML juv (t)** (–) (R2adj=0.32) ML juv (t)** (–)(R2adj=0.25) ML juv (t)** (–) (R2adj=0.38)
GSA-8 - Corsica - ML juv (t)** (–) (R2adj=0.28) -
GSA-9 - Ligurian-North Tyrrhenian - - ML juv (t)* (–) (R2adj=0.19)
GSA-10 - South-Cenrtral Tyrrhenian ML juv (t)** (–) (R2adj=0.39) ML juv (t)** (–) (R2adj=0.38) ML juv (t)** (–) (R2adj=0.34)
GSA-11 - Sardinia - - -
GSA-16 - South Sicily ML juv (t)* (–) (R2adj=0.19) ML juv (t)** (–) (R2adj=0.29) -
GSA-17 - Northern Adriatic Chl-s* (–) (R2adj=0.25) Chl-s* (–) (R2adj=0.25) Chl-s* (–) (R2adj=0.24)
GSA-18 - Southern Adriatic Chl-s* (–) (R2adj=0.25) Chl-s* (–) (R2adj=0.25) Chl-s* (–) (R2adj=0.24)
GSA-19 - Western Ionian Growth* (–) (R2adj=0.22) Growth* (–) (R2adj=0.28) -
Fig. 6. – Strength of density dependence plotted as the value of the 
slope of the relationship with density estimates: density-dependent 
effect of recruit density on survival (top), density-dependent effect 
of juvenile density on mean length of juveniles (middle), and growth 
(bottom). Black symbols represent significant effects (p<0.05) and 
grey symbols non-significant effects (p>0.05).
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areas with hake survival that is highly sensitive to pri-
mary production variability, such as the Alboran and 
Adriatic seas, and areas with positive survival values 
that could indicate movement of recruits and juvenile 
fish to these areas (i.e. eastern Corsica and Sardinia) or 
strong intra-annual recruitment events later in the year 
that were not detected during the survey. In general, 
analyses performed by sex provided the same message.
Although there is no geographical segregation in 
the mean patterns, survival and growth time series in 
the western areas (from the Alboran Sea, GSA-1, to 
Sardinia, GSA 11) show a more fluctuating and vari-
able pattern both at an interannual scale and between 
areas. This may indicate a more complex combination 
of environmental and ecological processes, but also a 
more heterogeneous effect of fishing. In contrast, in 
the central areas (from the Strait of Sicily, GSA-16, to 
the western Ionian, GSA-19), the fluctuation pattern is 
greatly reduced for both survival and growth. The geo-
graphical pattern of mean survival reveals that the ar-
eas with higher ML of recruits are consistent with those 
of higher ML of juveniles, yielding higher survival. 
This finding suggests a fast-growth pattern during the 
pre-recruitment to fishery stages (first six months of 
life, including early life stages, bottom settlement and 
arrival at the nursery areas) that has been shown to lead 
to size-selective processes, as pre-recruits spend less 
time in smaller size classes, which are more vulnerable 
to predation (e.g. Houde 1997, Sogard 1997, Conover 
2007). This pattern can be additionally affected by geo-
graphical differences in the bottom settlement peak. 
The opposite relationship observed between juvenile 
growth and survival must represent the ‘compensatory 
growth’, an ecological strategy observed in several spe-
cies in which high energetic investment in the growth 
rates during the first year to maximize survival is com-
pensated with reduced growth in the second year of 
life (Sogard 1997, Ali et al. 2003). Under this strategy, 
fish allocate energy preferentially to increase protein 
before lipids are restored (Schultz and Conover 1997), 
and was already suggested for hake in the Mediterra-
nean Sea as a mechanism for maximizing recruitment 
in populations that are highly dependent on recruitment 
success (Hidalgo et al. 2009).
The analyses at temporal scale of all GSAs show 
a negative effect of ML of juveniles, with higher 
survival at lower lengths—an opposite pattern to that 
observed at biogeographical scale. While this response 
seems counterintuitive a priori, it has previously been 
observed in analyses of juvenile survival using infor-
mation of seasonal scientific surveys (Ciannelli et al. 
2007). Ciannelli et al. (2007) reported a similar pat-
tern in pollock juvenile survival and argued a potential 
under-representation of larger and older juvenile fish. 
The ontogenetic changes in catchability have been 
demonstrated to be progressive and often with non-
linear forms that maximize catchability in juvenile 
stages, as has been observed in several gadoid species, 
including hake (Fraser et al. 2007). This means that es-
capement capabilities and aggregation behaviour of ju-
venile hakes around 20 cm are not the same as those of 
larger individuals of the same age class, i.e. close to 30 
cm (Mahévas et al. 2011): this decrease in catchability 
with size could partially affect the juvenile stage. In ad-
dition, the lack of information of cohorts (intra-annual 
recruitment events) recruiting to the nursery grounds 
after the survey (late summer or autumn) could also af-
fect survival estimates. Although spring-early summer 
is the seasonal window for the main recruitment peak 
over the whole Mediterranean (Druon et al. 2015 and 
references therein), several intra-annual recruitment 
events have been reported in the Mediterranean in cer-
Fig. 7. – Size of effect of juvenile mean length on juvenile survival (male model on the left and female model on the right) for each GSA, 
applying a linear model to the standardized variables (mean 0 and variance 1). No overlapping of horizontal bars (standard error of the model 
estimates) with zero vertical lines reveals statistical significance of the effect.
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tain areas (e.g. Arneri and Morales-Nin 2000, Rey and 
Gil de Sola 2004, Belcari et al. 2006). Thus, a certain 
amount of recruits of secondary intra-annual recruit-
ment events that are not captured in a given year could 
be captured as juveniles the year after.
In addition to this general pattern, our analyses also 
indicate a positive effect of recruit length and a nega-
tive effect of juvenile growth on survival in the Albo-
ran Sea (GSA-1), northern Spain (GSA-6) and western 
Ionian Sea (GSA-19). This finding evidences a size-
dependent mortality shaping the regional population 
dynamics of hake for these areas, similarly to what has 
been observed in other species (Lorenzen and Enberg 
2002). In addition, the significant density-dependent 
effect on growth observed in the western Mediterrane-
an areas provides an additional element of the indirect 
influence of growth on survival, as growth limitation 
under high densities can be linked to competition and 
mortality related to food limitation (Le Pape and Bon-
hommeau et al. 2015). This is also in agreement with a 
recent theoretical framework by Andersen et al. (2017), 
who argue that, in habitats of small and medium size, 
density-dependent regulation of populations does not 
occur only in early life stages, but also late during life. 
Andersen et al. (2017) show that competition in the 
juvenile stages may lead to stunted growth, as we here 
observe in hake, and to overcompensation regulation 
of the populations at small scales. This finding under-
lines the fact that density dependence in marine fish 
population is more complex than can be captured by 
models of spatially homogeneous population dynamics 
or by models based on stock-recruitment relationships.
Our results show two areas (the Alboran and Adri-
atic seas) in which survival of juveniles is strongly 
controlled by environmental variability, and particu-
larly by primary production. However, the season of 
the environmental effect differs in the two regions and 
the direction of the effect appears to be opposite. In the 
Alboran Sea, the increase in primary production due 
to the influence of the Atlantic inflow and the mean-
dering and mesoscale circulation is known to fuel the 
whole trophic chain (Oguz et al. 2014). In winter, this 
oceanographic scenario impacts the recruitment dy-
namics of several species in the Alboran Sea (Catalán 
et al. 2013, Ruiz et al. 2013), and is consistent with our 
results suggesting more food availability that favours 
hake survival. By contrast, survival in the Adriatic Sea 
is negatively correlated with strength of primary pro-
duction in spring. This negative relationship between 
primary production and marine resources production 
has already been observed in the Mediterranean and 
attributed to inter-specific competition (Puerta et al. 
2015). Thus, we could interpret that years with high 
productivity in the Adriatic in spring increase the over-
all abundance of the nektobenthic community, increas-
ing the competition between hake and other species 
that may trigger food limitation and low survival (or 
active movements of hake juveniles to other areas with 
less competition).
It is worth noting that eastern Corsica and Sardinia 
(and, to a lesser degree, western Ionian) show many 
years with positive survival values (more juveniles 
than recruits the year before), with no clear temporal 
trend. In addition to the potential influence of late-in-
year recruitment pulses discussed above, another plau-
sible explanation is that this pattern is a consequence 
of an active movement of recruits and juveniles from 
neighbouring areas. The high ML values of recruits 
for these two areas (eastern Corsica and Sardinia) sup-
port this hypothesis, suggesting that this active feeding 
migration could start during the second year of life of 
the species, once the ontogenetic bathymetric migra-
tion is finished. Although bathymetric migrations of 
juvenile hake have been described as part of the on-
togenetic changes in habitat selection for this species 
(Bartolino et al. 2008b, Hidalgo et al. 2008), they are 
compatible with potential geographic juvenile feed-
ing migrations in the Mediterranean to neighbouring 
geographic subareas. Active migratory movements 
across management areas have been evidenced for the 
Atlantic hake stocks (Pita et al. 2016), whose habitats 
are considerably larger than those in the Mediterranean 
and those of other hake species worldwide (e.g. Ago-
stini et al. 2006), suggesting that this may also happen 
in the Mediterranean. This would provide an additional 
element for the consideration of transboundary assess-
ment of hake in certain regions of the Mediterranean 
Sea beyond the geographical limits of the GSAs (e.g. 
Fiorentino et al. 2014, STECF 2015, among others, 
see below). However, the hypothesis of transbound-
ary feeding migration certainly requires additional 
research using complementary and additional data in 
order to be well supported. 
Fishing impact, assessment and management 
implications
Improving knowledge of the distribution and abun-
dance patterns of exploited resources is a key element 
for offering better advice for fishing management. Do-
ing so requires increasing the knowledge on life stages 
sensitive to climate forcing or fishing impact, such as 
recruits and juveniles of hake, for which conservative 
management measures play an important role in the 
Mediterranean Sea. Although we did not detect a ro-
bust sign of fishing impact in this study, the influence 
of fishing activity cannot be disregarded, as hake trawl 
fisheries in the Mediterranean Sea are mainly sustained 
by the exploitation of juveniles (Colloca et al. 2013, 
Ligas et al. 2015, STECF 2015). For stock assessment 
purposes, a correct computation of mortality rates, con-
sidering both fishing mortality and natural mortality, is 
essential. The modelling of juvenile harvest and how 
to estimate and implement realistic vectors of natural 
mortality in the assessment and management of this 
species have been important topics of research in the 
last two decades (e.g. Abella et al. 1997, Caddy and 
Abella 1999, Caddy 2015). To this end, scientifically-
based information is required to disentangle ecological 
processes that affect their survival (i.e. natural mortal-
ity) from those that can be spatially and/or temporally 
managed (i.e. fishing mortality). The present study 
provides new insights into these challenges and into 
the integration of ecological processes affecting hake 
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survival in a more holistic assessment of this species 
towards the operationalization and implementation of 
the ecosystem approach to fisheries (Link and Brow-
man 2017). New generation fisheries assessment may 
also reflect the increasing importance of the structural 
complexity of populations and the heterogeneity of pro-
cesses at regional scale: habitat selection, density de-
pendence, (passive) connectivity or active movements/
migrations. Although the first exercises of assessments 
combining several GSAs have been already carried 
out by STECF and GFCM WGs since 2015 (e.g. GSA 
1-7; GSA 9-10-11; GSA 17-18; STECF 2015, GFCM 
2016), these combinations are supported by evolution-
ary connectivity (i.e. absence of genetic differences), 
and few of them support demographic connectivity 
(i.e. effective number of individuals exchange at inter-
annual scale between close sub-populations). The spa-
tial scale of management can be different to the spatial 
scale of the assessment (Cadrin and Secor 2009), and 
neighbouring areas must be combined only if they de-
mographically interact at an interannual scale and the 
cross-boundary movement of individuals impacts the 
population dynamics principles (and equations) that 
sustain fisheries assessment methods (Kerr et al. 2017, 
Goethel et al. 2017).
From the spatial management perspective (i.e. ma-
rine spatial planning), and its application to fisheries, 
the present study provides useful insights for imple-
menting marine spatial planning in fisheries manage-
ment in close communication with temporal fisheries 
assessment. As natural populations are highly dynamic 
in space and time, there is an increased need to include 
such spatiotemporal transboundary scenarios in a 
more flexible and adaptive fishing management (e.g. 
fisheries restricted areas or marine protected areas). 
For instance, management measures such as the recent 
protection of essential fish habitats for recruitment for 
hake and shrimps in the central Mediterranean (Strait 
of Sicily, Vielmini et al. 2017) must be further expand-
ed to the whole Mediterranean basin.
In addition, European fisheries are transitioning to 
new rules aimed at reducing discards and mandatorily 
bringing all catches to land (the “discard ban” or “land-
ing obligation”: Art. 15 of the new Common Fisheries 
Policy, Reg. EU No 1380/2013). These new rules are 
likely to affect fishery activities in Europe. As it is im-
possible to completely avoid unwanted catches, and the 
Common Fisheries Policy will progressively phase out 
discards of regulated species (i.e. those subject to quo-
tas and species with a minimum conservation reference 
size in the Mediterranean; see Reg. EC No 1967/2006), 
it is essential to know the spatial patterns of the juvenile 
stage to characterize areas that may have high quanti-
ties and persistence of unwanted catches (Paradinas et 
al. 2016, Maeda et al. 2017, Pennino et al. 2017).
All these elements are well framed in the essence of 
the Mid-Term Strategy 2017-2020 (MTS, Resolution 
GFCM/40/2016/2) launched by the GFCM to imple-
ment new fisheries governance in the Mediterranean 
Sea and to ensure the conservation and sustainable ex-
ploitation of living marine resources while protecting 
habitats and vulnerable species from fishing. Indeed, 
the results of the present study may contribute to two 
of the five structured targets of the MST: i) reverse 
the declining trend of fish stocks through strengthened 
scientific advice in support of management, and ii) 
minimize and mitigate unwanted interactions between 
fisheries and marine ecosystems and environment. 
The present study provides information to improve the 
quantification of the survival in the recruit and juvenile 
stages of hake, which are the stages most harvested 
by commercial fleets, especially bottom trawlers. 
Our study also highlights the importance of size- and 
growth-dependent survival in the juvenile stages of 
hake in the Mediterranean Sea and the contribution 
that scientific surveys can regularly make to the under-
standing of these processes.
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Table S1. – Ranking
 
of the criteria taken into account in MCDA per 
length overall (LOA) segmentation. The higher the grade, the 
more favourable the area is for trawl fishing activities.
Fig. S1. – Model residuals against response variable for the best 
linear model obtained for each GSA (Table 1) for all individu-
als (left), males (centre) and females (right). Here, models for 
GSA-1, GSA-5, GSA-6 and GSA-7 are shown.
Fig. S2. – Scatter plot of the residuals of the global survival model 
for females applying a linear model on the standardized vari-
ables (mean 0 and variance 1) and the fishing pressure indica-
tor for 1994 (left), 2004 (centre) and 2014 (right). While the 
negative correlations obtained between the fishing pressure 
indices and the residuals of the global model were very low 
(–0.23<rho≤0.17, right), those correlations for females were 
relatively high (–0.62<rho≤0.60, left). However, these high 
correlation values are forced by two extreme values of FPI: the 
lowest in the Balearic Islands (GSA-5) and the highest in the 
northern Adriatic (GSA-17).
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MATERIAL AND METHODS SUPPLEMENTARY TEXT
Estimation of fishing pressure index based on multi-criteria decision analysis
Given that primary data on fishing vessel locations were not available for all spatial and temporal scales, a 
methodological approach based on GIS-based multi-criteria decision analysis (GIS-MCDA) was used to estimate 
a fishing pressure index (FPI) for bottom trawl in the Mediterranean Sea. For the current work average FPI values 
per GSA for the years 1994, 2004 and 2014 were used.
This method produces a fisheries footprint by taking into consideration several interactions with other anthro-
pogenic or environmental factors. The methodology is further described in Kavadas et al. (2015) and is considered 
as a modified work based on data from 1994 to 2014. The method is applied to three categories of vessel length: a) 
0-12 m, b) 12-24 m and c) 24-40 m. 
The analytic hierarchy process (AHP) and fuzzy logic were applied in an effort to estimate the FPI which was 
perceived as the fuzzy product of two indices: the fishery suitability index (Sc) and the activity index (Ac) based 
on the spatial distribution of registered fishing vessels in the Mediterranean Sea:
FPI = Sc×Ac
To this end, we identified the most influential components and criteria affecting bottom trawlers. Each criterion 
was assigned a rank of order of importance by expert judgement. The final rankings used for all criteria under study 
are presented in Table A1. The criteria were the following: 
Bathymetry (source: EMODNET).
Distance from coastline (estimated by ARCGIS proximity tool “near”. ESRI, 2011).
Annual chlorophyll a concentration (average for the period 2002-2014; source http://oceancolor.gsfc. nasa.gov/
cms/).
Fisheries restricted areas (legislation; source MEDISHEH).
No-take zones: based on depth and annual restrictions. 
Sc estimation from the investigated criteria was carried out as follows: (i) creation of spatial information and 
calibration of each criterion according to a scale of evaluation and formation of the hierarchical structure of the 
multiple criteria problem; (ii) implementation of the AHP to estimate the relative importance of the evaluation 
criteria; (iii) application of the weighted linear combination method using the weights (priority vectors) to estimate 
the suitability index; (iv) standardization on a scale from 0 to 1 with linear fuzzy membership.
The Ac for each fishing category and length segmentation by registration port (VAIp) was based on vessel 
length and gross tonnage for the years 1994, 2004 and 2014. The methodology used to estimate Ac consisted of 
the following steps: (i) implementation of the optimal interpolation method on VAIp to estimate values at a spatial 
cell level (VAIc); and (ii) implementation of the optimal fuzzy membership in VAIc to represent numerically the 
degree to which a given measure of criteria within a grid cell belongs to a fuzzy set. The study area was gridded 
with a spatial resolution of 0.01×0.01 decimal degrees. Each of these cells was assigned the corresponding values 
for each of the MCDA-modelled criteria.
Table S1. – Ranking
 
of the criteria taken into account in MCDA per length overall (LOA) segmentation. The higher the grade, the more 
favourable the area is for trawl fishing activities. The model includes the following no-take zones: a) banned areas (annually), b) depth 
>500 m, for LOA 0-12 m, and c) depth >800 m for LOA >12 m.
Bathymetry (m)
Grade Distance from coastline 
(nautical miles)
Grade
LOA 0-12 LOA 12-24 LOA 24-40 LOA 0-12 LOA 12-24 LOA 24-40
0-50 3 3 3 1.5 0 0 0
50-100 5 5 5 1.5-3 5 5 5
100-200 4 5 5 3-6 5 5 5
200-500 1 4 4 6-12 4 5 5
500-800 0 1 2 >12 3 4 5
Chlorophyll a  
(mg m–3)
Grade Legislation  
(total months of banning)
Grade
All classes of LOA All classes of LOA 
>1 1 available areas 5
0.73-1 4 ban <2 4
0.46-0.73 5 ban 2-6 3
0.23-0.46 4 ban 6-11 2
0.1-0.23 2 ban 12 0
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Fig. S1. – Model residuals against response variable for the best linear model obtained for each GSA (Table 1) for all individuals (left), males 
(centre) and females (right). Here, models for GSA-1, GSA-5, GSA-6 and GSA-7 are shown,
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Fig. S1 (Cont.). – Model residuals against response variable for the best linear model obtained for each GSA (Table 1) for all individuals (left), 
males (centre) and females (right). Here, models for GSA-1, GSA-5, GSA-6 and GSA-7 are shown,
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Fig. S1 (Cont.). – Model residuals against response variable for the best linear model obtained for each GSA (Table 1) for all individuals (left), 
males (centre) and females (right). Here, models for GSA-1, GSA-5, GSA-6 and GSA-7 are shown,
Fig. S2. – Scatter plot of the residuals of the global survival model for females applying a linear model on the standardized variables (mean 0 
and variance 1) and the fishing pressure indicator for 1994 (left), 2004 (centre) and 2014 (right). While the negative correlations obtained be-
tween the fishing pressure indices and the residuals of the global model were very low (–0.23<rho≤0.17, right), those correlations for females 
were relatively high (–0.62<rho≤0.60, left). However, these high correlation values are forced by two extreme values of FPI: the lowest in the 
Balearic Islands (GSA-5) and the highest in the northern Adriatic (GSA-17).
